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We introduce a hybrid method to determine neutrino mass hierarchy by simultaneous measure-
ments of detector responses induced by antineutrino and neutrino fluxes from accretion and cooling
phase of type II supernova. The (anti)neutrino-nucleus cross sections for 12C, 16O, 56Fe and 208Pb
are calculated in the framework of relativistic nuclear energy density functional and weak Hamilto-
nian, while the cross sections for inelastic scattering on free protons, p(ν¯e, e
+)n, are obtained using
heavy-baryon chiral perturbation theory. The simulations of (anti)neutrino fluxes emitted from a
protoneutron star in a core-collapse supernova include collective and Mickheev-Smirnov-Wolfenstein
effects inside star. The emission rates of elementary decay modes of daughter nuclei are calculated
for normal and inverted neutrino mass hierarchy. It is shown that simultaneous use of (anti)neutrino
detectors with different target material and time dependence of the signal allow to determine the
neutrino mass hierarchy from the ratios of νe/ ν¯e induced particle emissions. The hybrid method
favors detectors with heavier target nuclei (208Pb) for the neutrino sector, while for antineutrinos
the use of free protons and light nuclei (H2O or -CH2-) represent appropriate choice.
PACS numbers: 21.10.Gv,21.30.Fe,21.60.Jz,24.30.Cz
Over the past years a considerable progress has been
achieved in constraining the mixing parameters in neu-
trino oscillation framework [1, 2], based on various exper-
iments on atmospheric, solar, and terrestrial neutrinos
[3]. It is now well established that neutrinos have nonva-
nishing rest masses and that the flavor states νe, νµ, and
ντ are quantum mechanical mixtures of the vacuum mass
eigenstates ν1, ν2, and ν3 [4]. However, currently exist-
ing data do not determine neutrino mass hierarchy, i.e.,
the sign of mass squared difference ∆m231 = m
2
3−m21. In
the case of ∆m231 > 0 one refers to normal mass hierarchy
(NMH), while ∆m231 < 0 corresponds to inverted mass
hierarchy (IMH). Although a number of techniques has
been proposed to resolve the neutrino mass hierarchy,
to date this question still remains open and represents
an important challenge in physics. Recent approaches
to resolve the neutrino mass hierarchy include methods
based on reactor neutrinos [5–7] different baseline exper-
iments [8], Earth matter effects on supernova neutrino
signal [9, 10], spectral swapping of supernova neutrino
flavors [11], rise time of supernova ν¯e light curve [12],
analysis of meteoritic supernova material [13], and de-
tection of atmospheric neutrinos in sea water or ice [14].
In this Letter we introduce a hybrid method to deter-
mine the neutrino mass hierarchy, based on type II su-
pernova neutrino and antineutrino reactions with atomic
nuclei, including, 12C, 16O, 56Fe, 208Pb, and free pro-
tons. The aim is to explore how νe and ν¯e detectors,
based on various nuclei as target material, can provide
a source of information that is needed to determine the
neutrino mass hierarchy. Since in the case of supernova
event SN1987A mainly the ν¯e sector of the response has
been detected, the role of neutrinos and their relevance
for understanding their underlying fundamental proper-
ties remain vastly unknown. While most of supernova de-
tectors based on nucleon or nuclear targets are primarily
sensitive to antineutrinos, Helium and Lead Observatory
(HALO) that was recently developed is sensitive to neu-
trinos through charged current (CC) interaction mainly
with 208Pb [15]. For the purpose of the present study,
microscopic theory framework based on relativistic nu-
clear energy density functional and weak Hamiltionian is
employed in description of nuclear properties, neutrino
induced excitations, and weak interaction transition ma-
trix elements [16, 17]. In order to account for the νe(ν¯e) -
induced events in detector, primary particle decay modes
of daughter nuclei are described. In addition, to deter-
mine responses in water and mineral oil, ν¯e- free proton
cross sections are calculated in the framework introduced
in Ref. [18], based on chiral perturbation theory.
Neutrino and antineutrino fluxes from the core-collapse
supernova provide a powerful tool to probe various neu-
trino properties, as well as the dynamics of star explosion
[19, 20]. They represent a kind of a fingerprint for the
events occurring in stellar collapse and can be used for
better understanding of neutrino flavor transformations
in regions of high neutrino densities due to neutrino-
neutrino interaction [19–24], and transitions occurring in
matter resonance layers of star due to Mickheev-Smirnov-
Wolfenstein (MSW) effect [25–27]. Region dominated by
collective effects and two MSW resonant regions are spa-
tially well separated, so probabilities of flavor transition
can be calculated separately and multiplied. Both effects
depend on neutrino mass hierarchy and change the shape
of initial νe(ν¯e) spectra. Spectral splits and swaps in the
νe(ν¯e) spectra caused by collective effects also depend
on the flux ordering among different neutrino species,
which are generally different in accretion and cooling su-
pernova phase. Arrival of shock waves in the outer layers
of a star can leave a mark on νe(ν¯e) spectra, even cause a
non-adiabatic conversion, and multiple MSW effects [21].
For the purpose of this work, first we determine the
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2cross sections for the charged current νe(ν¯e) - nucleus re-
actions for the following target nuclei: 12C, 16O, 56Fe and
208Pb. The exclusive cross sections are described in the
RNEDF framework [17, 28], by employing the density
dependent effective interaction DD-ME2 [29]. Transition
matrix elements for neutrino-induced reactions are cal-
culated using the general formalism from Refs. [30, 31].
This method allows to determine in a consistent way the
ground state properties of target nuclei and transitions
induced by neutrinos. The exclusive cross sections are
calculated as functions of excitation energy of initial nu-
clei, including all contributions from the initial ground
state of even-even nucleus to the particular excited state,
for all relevant multipolarities, J <= 5, and both pari-
ties. Figure 1 shows the cross sections of νe(ν¯e) -
56Fe
reactions with charge exchange, displayed as a function of
the excitation energy in initial nucleus, for various mul-
tipoles, Jpi = 0±− 3±. The cross section of νe - 56Fe CC
reactions is mainly determined by Jpi = 0+, 1+ transi-
tions, while the contribution of Jpi = 1−, 2− states is an
order of magnitude smaller. Other multipolarities con-
tribute only marginally. As shown in Fig. 1, in the case
of ν¯e -
56Fe reactions the cross section is dominated by
Jpi = 1+ transitions, with major contribution from the
excited state at 4.5 MeV. In the limit of zero momen-
tum transfer, the respective GT± transitions result in
reasonable agreement with respective experimental data
[17, 32]. Energy threshold for CC reactions in 56Fe is
relatively low for νe (4.57 MeV) and ν¯e (4.72 MeV). The
ν¯e -
56Fe cross sections are an order of magnitude smaller
than in the neutrino case (Fig 1) due to the effect of Pauli
blocking of neutron quasiparticle states.
Initial νe(ν¯e) spectra of the type II supernova can
be described in the quasistationary approximation by
the Fermi-Dirac or power law distribution [20–22]. One
should note that initial neutrino fluxes are variable in
time [33]. The fits to the available data from SN1987A
have shown that average neutrino energy is relatively
low, i.e. ∼10 MeV [21]. In the present work, the power
law distribution is used to describe initial supernova neu-
trino spectra at neutrinospheres with fixed value of spec-
tral parameter, i.e. 4.0 in the case of accretion neu-
trino flux and 3.0 during the whole cooling phase [36].
In numerical simulations of the neutrino accretion fluxes
we fixed initial average energies of neutrinos to 12, 15
and 18 MeV for νe, ν¯e, and non-electron species, respec-
tively [22, 34, 35]. Certain deviations of previous values
can be found in other supernova simulations [36]. In this
work the best-fit values of neutrino oscillation parameters
are used [37], except in region of collective oscillations
where matter suppressed values of neutrino mixing are
used instead [22]. For the initial accretion luminosities of
(anti)neutrino species we take 2.4 ×1052 ergs in the case
of νe, 2.0 ×1052 ergs for ν¯e, and 1052 ergs for all other
(anti)neutrino species. In the supernova cooling phase
neutrino luminosities are almost an order of magnitude
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FIG. 1: Exclusive cross sections for νe -
56Fe (upper panel)
and ν¯e -
56Fe (lower panel) reactions as a function of excitation
energy in initial nuclei, including J = 0± − 3±.
smaller, i.e. the initial values we used are 1.2 ×1051 ergs
for νe(ν¯e) and 1.8 ×1051 ergs for non-electron species,
and the initial average energies of non-electron species
are assumed 2 MeV higher than in the accretion phase
[34]. The incoming (anti)neutrino fluxes are calculated
including collective and MSW effects in the core-collapse
star. Incoming νe and ν¯e fluxes of accretion and cooling
supernova phase for normal (NMH) and inverted mass
hierarchy (IMH) are shown in Fig. 2.
The calculated νe(ν¯e) - nucleus cross sections are used
to determine the respective flux averaged values by em-
ploying νe(ν¯e) distributions shown in Fig. 2, and to eval-
uate the total number of detector events. In addition to
νe(ν¯e) - nucleus cross sections, inelastic ν¯e scattering on
free protons is taken into account in mineral oil (alka-
nes based on −CH2− group) and water (H2O). We em-
ploy the theory framework based on heavy-barion chiral
perturbation theory which also includes radiative correc-
tions [18]. It is assumed that the detector efficiency is
perfect, and it is turned directly to the incoming neu-
trino flux, thus eliminating the Earth effects on neutrino
spectra. Four cases of target material are considered,
mineral oil (CH2), water (H2O),
56Fe, and 208Pb. As a
test case for type II supernova in our galaxy, an imagi-
nary star 12000 l.y. away from the Earth is considered.
We have calculated several neutrino induced decay chan-
nels, including γ, one-neutron (1n) and two-neutron (2n)
emission, based on the limits given by the separation en-
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FIG. 2: Incoming νe (left side) and ν¯e fluxes (right side)
for the accretion (A) and cooling (C) phase of type II super-
novae as a function of neutrino energy for normal (NMH) and
inverted neutrino mass hierarchy (IMH).
ergies S1n, S2n, S1p, calculatated from the implementa-
tion of the RNEDF in the relativistic Hartree-Bogoliubov
model [29]. Table I shows the number of νe(ν¯e) - nucleus
events (only dominant decay channels are shown) in 1
kt of target material based on 56Fe and 208Pb, and the
number of emitted neutrons in case of ν¯e − p reaction in
mineral oil (CH2) and water (H2O). Calculations include
incoming νe(ν¯e) fluxes of the accretion and cooling super-
nova phase, both for normal and inverted neutrino mass
hierarchies. For the time duration of accretion and cool-
ing supernova phase is taken 0.2 s and 10 s, respectively
[35]. The results indicate a higher number of the events
related to νe(ν¯e) in the case of NMH. Detector response
of accretion νe(ν¯e) flux is characterized by the degener-
acy in emission rates of γ rays, protons and neutrons for
the entire set of target material and the best-fit values of
neutrino oscillation parameters [37], i.e. it is invariant on
the type of mass hierarchy. Similar result is obtained in
simulations of supernova neutrino fluxes in case of 208Pb
and large θ13 mixing in [21].
The most pronounced response to CC interactions with
neutrinos is obtained for 208Pb. It has large number of
protons (Z = 82), so the Coulomb effects enchance the
phase space for emitted electrons [38], large neutron ex-
cess (N−Z = 44) and relatively low treshold (2.88 MeV).
The expected number of γ and proton events due to deex-
citation of 208Bi is similar for both neutrino mass hierar-
TABLE I: Detector response for νe(ν¯e) - induced reactions in
mineral oil (CH2), water (H2O),
56Fe and 208Pb, for the in-
coming (anti)neutrino fluxes of the accretion (A) and cooling
supernova phase (C), both for normal (NMH) and inverted
(IMH) neutrino mass hierarchies. Only dominant emission
channels are shown, including γ rays, 1n and 2n emissions.
NMH IMH
N(A) N(C) N(A) N(C)
p(ν¯e, e
−)n in CH2
1n 160 900 160 815
p(ν¯e, e
−)n in H2O
1n 125 700 125 635
56Fe(νe, e
−)56Co
γ 19 115 19 80
1n 17 137 17 80
56Fe(ν¯e, e
+)56Mn
γ 2 19 2 16
208Pb(νe, e
−)208Bi
γ 12 70 12 51
1n 84 533 84 350
2n 11 120 11 59
chies. Within the HALO detector [15], supernova neutri-
nos will be observed through neutron emissions from Pb
target using 3He neutron detectors. For the supernova
cooling phase, we obtain the flux averaged cross section
related with 1n-emission from 208Bi: 5.6× 10−40 cm2 in
the case of NMH, and 3.8 × 10−40 cm2 in the case of
IMH. However, significant contribution of 2n events due
to relatively high 2n cross section rates is also obtained,
i.e., 1.2× 10−40 cm2 in the case of NMH and 0.6× 10−40
cm2 in the case of IMH. The resulting total number of
emitted neutrons amounts ≈ 880 in the case of NMH,
and ≈ 575 in the case of IMH, with the ratio of emit-
ted neutrons NNMHn /N
IMH
n ≈ 1.5. The sensitivity of
2n-emissions on the type of mass hierarchy is also ob-
tained, i.e., NNMH2n /N
IMH
2n ≈ 2.0. The cross sections for
ν¯e−208Pb reactions are strongly suppressed (3 orders of
magnitude) due to Pauli blocking of the neutron single-
particle states.
The case of 56Fe target is characterized by somewhat
weaker response to CC reactions with neutrinos (Tab. I),
with almost half predicted events coming from 56Co γ de-
cay, while the other half mainly comes from 1n emission.
The 1p and 2n emissions are severely reduced. However,
due to smaller neutron excess (N−Z = 4), detector based
on 56Fe is also sensitive to antineutrino CC reactions with
respective cross sections ∼ 10−42cm2, an order of mag-
nitude smaller than for νe−56Fe reaction. The predicted
total cross section of neutrino induced reaction in 56Fe is
∼10 times smaller than for 208Pb. The total number of
neutrons emitted from the detector (for νe and ν¯e) based
on 56Fe is ≈ 165 in the case of NMH and ≈ 110 in case
of IMH, i.e., it is ≈ 1.5 times larger in the case of NMH.
4In the case of mineral oil (water) of density 0.85
g/cm3 (1.0 g/cm3 at 4 ◦C), where the target nuclei are
12C (16O), the predicted cross sections are of the order
∼ 10−42 cm2, and due to N = Z = 6 (N = Z = 8) the
difference in total number of primary events between neu-
trino and antineutrino CC reactions is smaller than for
N > Z nuclei. Due to relatively high energy thresholds
(>∼ 11 MeV) for both types of reactions in 12C (16O),
at νe (ν¯e) energies <∼ 20 MeV the responses are rather
low. Actually, in the case of mineral oil (water) ν¯e in-
duce reactions mainly with free protons, resulting in 1060
(825) events in the case of NMH and 975 (760) events
in the case of IMH, respectively (Tab. I). Dominance of
ν¯e−p reactions in mineral oil and water due to low energy
threshold (1.8 MeV) and σ ∼ 10−43(Eν/MeV )2 ensures
an efficient coverage of ν¯e spectra.
The results of the present analysis show that neither
water or mineral oil can provide an evidence to determine
neutrino mass hierarchy due to rather small difference
of p(ν¯e, e
+)n events for NMH and IMH fluxes (Tab. I).
Therefore, we implement a hybrid approach, based on
combination of detectors with different target materials
to cover complementary parts of spectra in order to cal-
culate relevant ratios of the events that are sensitive on
the neutrino mass hierarchy. By focusing only on the
cooling phase fluxes, the respective ratios of the neutron
emissions for NMH and IMH in the case of combination
of two detectors, 1 kt of water (free protons only) and 1 kt
of 208Pb are: NNMHn (H2O)/N
NMH
n (Pb) = (0.91± 0.05)
and N IMHn (H2O)/N
IMH
n (Pb) = (1.36 ± 0.08). The sta-
tistical error of predicted events is estimated as
√
N .
In addition, one can also use time-difference of accre-
tion (A) and cooling (C) phase signal, and accretion de-
generacy. Greater difference of ratios of emitted neu-
trons, i.e. NNMHC (Pb)/N
NMH
A (Pb) = (7.3 ± 0.8) and
N IMHC (Pb)/N
IMH
A (Pb) = (4.4 ± 0.5), once again con-
firms 208Pb as preferred target nucleus to cover the neu-
trino part of the spectra.
In conclusion, we have presented a hybrid approach
to determine neutrino mass hierarchy from simultaneous
measurements of supernova νe and ν¯e time difference in
the events in detectors based on different types of tar-
get material. Through the use of supernova νe(ν¯e) fluxes
that include collective and MSW effects for the accretion
and cooling phase, responses in mineral oil, water, 56Fe
and 208Pb have been analyzed for both possible neutrino
mass hierarchies. It is shown that the hybrid method,
that combines antineutrino induced events in water or
mineral oil, with neutrino induced emissions in heavier
target nuclei such as 208Pb, provides a useful diagnostic
tool to constrain the neutrino mass hierarchy. The num-
ber of emitted neutrons for the case of NMH is ≈ 1.5
larger than for IMH, both for 208Pb and 56Fe target nu-
clei. Since it is rather difficult to compare the absolute
values of calculated particle emissions with the detector
events, we have shown that the relative ratio of antineu-
trino and neutrino induced events in different detectors
represent a quantity that could discriminate between dif-
ferent neutrino mass hierarchies. It is important to note
that heavy nuclei are almost completely inert for CC
reactions with antineutrinos due to strong Pauli block-
ing of neutron single particle states. Pure neutrino sig-
nal and large cross section establish 208Pb as probably
the most important nuclear target for neutrino detection
and reconstruction of the neutrino part of spectra. In
case of the occurrence of the next galactic supernova,
and taking into account current neutrino detector devel-
opments (e.g., HALO (208Pb) [15], Super-Kamiokande
(water) [39], etc.) the hybrid method presented in this
work would play an important role in constraining the
neutrino mass hierarchy.
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